Introduction
Patients after renal transplantation are at a particularly high risk of metabolic disorders and cardiovascular disease. Endothelial dysfunction may be linked to increased circulating concentrations of the endogenous NO synthase inhibitor asymmetric dimethyl L-arginine (ADMA) as a demonstrable marker of endothelial dysfunction [1, 2] .
Increased levels of ADMA are partially caused by renal impairment, with the levels remaining elevated after renal transplantation. This may be because of the persistent decrease in the rate of ADMA degradation (presumably to impaired activity of enzyme dimethylarginine dimethylaminohydrolase [DDAH] in the kidney) [3] .
In non-transplant and transplant patients, plasma ADMA concentrations were higher in obese insulin-resistant individuals, and weight loss was associated with a significant decrease in plasma ADMA levels [4, 5] .
Elevated ADMA concentrations are associated with increased cardiovascular risk [6] ; and raised ADMA levels predict cardiovascular events in patients with renal failure [7] . Patients after kidney transplantation experience endothelial dysfunction and higher ADMA concentrations than healthy persons, which may contribute to the high cardiovascular morbidity in this population [8] .
In chronic renal failure and after renal transplantation, adipose tissue secretes numerous hormones and cytokines considered to be major players in fat-related insulin resistance and endothelial dysfunction [9] [10] [11] [12] . Weight gain after renal transplantation can be a risk factor for the patients' and graft outcome [13] [14] [15] .
Regular physical training has been shown to improve endothelium-dependent vasodilation and the cardiovascular risk profile in patients with cardiovascular risk factors [16] . Exercise can positively influence endothelial dysfunction in chronic kidney disease and in patients on dialysis. However, there are few relevant data of an effect of exercise on ADMA levels in patients after renal transplantation [17] .
The purpose of our study was to characterize and evaluate the plasma levels of ADMA in renal transplant recipients before and after a period of early regular physical exercise and in obesity.
We hypothesized that raised ADMA levels may be significantly affected by regular aerobic exercise.
Materials and Methods
This study was approved by the Human Ethics Review Committee of the Institute for Clinical and Experimental Medicine (Prague, Czech Republic), and complies with the Declaration of Helsinki, including its current revisions and Good Clinical Practice Guidelines. The procedures used were in accordance with institutional guidelines. All subjects gave their written informed consent before enrollment into the study.
Study subjects
Our prospective cohort study included 116 patients (68 males and 48 females; mean age 58 ± 7 years; range 25 to 71 years; median age, 54.0 years) undergoing their first cadaveric renal transplantation at the Transplant Center of the Institute for Clinical and Experimental Medicine (Prague, Czech Republic) since January 1, 2012 who had agreed to participate in a supervised aerobic exercise program for six months.
A control group consisted of 122 (60 males and 62 females) renal transplant patients matched for age, sex, HLA typing, duration of previous dialysis, history of cardiovascular disease and immunosuppression regimen who did not exercise regularly and did not participate in the training program.
Collection of patient data was completed by October 31, 2013. Patients were examined by the Clearance Laboratory of the Division of Metabolism at the Department of Nephrology (Transplant Center, Institute for Clinical and Experimental Medicine, Prague, Czech Republic) up to 6 months after renal transplantation. Blood samples were obtained 2 weeks after surgery and after 6 months. Renal function was assessed using inulin and creatinine clearance. The long-term, standard triple-drug immunosuppression protocol included regimens based on cyclosporin A (Sandimmun Neoral, Novartis, Basel, Switzerland) or FK506-tacrolimus (Prograf, Astellas, Prague, Czech Republic), mycophenolate mofetil (Cellcept, Hoffmann-La Roche, Basel, Switzerland) and steroids (Prednisone, Zentiva, Prague, Czech Republic). Patients with episodes of graft rejection were excluded from the study.
Four of the 116 exercising patients and six of the 122 non-exercising patients were diagnosed to have diabetes mellitus, and were treated with insulin. There were no acute cases of infections at the time of the baseline examination (4 weeks before blood sampling).
Patients with a recent history of recent cardiovascular events (within the last 12 months) were excluded, those eligible for inclusion had to be non-smokers for at least 3 years. All patients were regularly treated with angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and statins based on the results of blood pressure measurement and laboratory examination. Using the standard Subjective Global Assessment Scoring Sheet, an experienced dietitian performed individualized dietetic intervention. At their first outpatient follow-up visit, patients were advised to consume 1-1.2 g/kg/day of protein and 30 kcal/kg/day during the first post-transplant year.
Evaluation of physical fitness and regular exercise regimen
Physical fitness was evaluated using the Senior Fitness Test (SFT). Health-related quality of life (HRQOL) was assessed using the standardized SF-36 questionnaire comparing, first, patients data with those of the general population and, second, after the exercise program (pre-/post-tests).
The renal transplant recipients in the exercising group participated in the 6-month training program of stationary cycling. Each exercise session lasted for 1 hour, with the workload progressively increased on an individual basis. Following a 3-5-minute warm-up, resistance was increased until achieving a heart rate of 60-70% of the previously established difference from resting to maximum heart rate. This workload was maintained over 40 minutes, followed by a 5-minute cool-down. During the first two weeks, training took place twice a week to be increased to three times a week during the remaining study period. All training sessions were guided and supervised by a physician. The patients were allowed to perform an additional training program at home, but compliance with the supervised training sessions had to be > 60% for study eligibility. The non-exercising transplant controls were not attending any training program.
The protocol had two parts, one including diagnostic functional tests, with the other containing intervention-related issues. The entry part designed to determine current functional status includes the Senior Fitness Test (SFT) developed by Rikli-Jones, and determining motor performance (joint mobility, muscular strength, motor skills and coordination, dynamic stability, and cardiorespiratory endurance). The second part of the protocol was the SF-36 questionnaire designed to assess the effect of exercise training on quality of life. The intervention part included a 2-week adaptation phase, a 10-week development phase, and a 12-week maintenance phase (already in the home setting), complemented by assessment performed by a specialist in kinetic anthropology (functional muscle tests and exercise training).
Anthropometric examination, sampling, and clearance methods Anthropometric examination of patients was performed in the basal state, at the beginning and end of the study. The height and weight of all subjects were measured and their BMI was calculated. Blood samples for hormonal measurement were taken in the basal state before surgery and at 12 months post-transplant. Renal function was estimated in the Clearance Laboratory of the Department of Nephrology (Transplant Center, Institute for Clinical and Experimental Medicine, Prague, Czech Republic) using an inulin clearance technique (C in ) and corrected creatinine clearance (C cr ) technique. For C in determination to be accurate, it is critical to achieve a balanced state of plasma inulin concentration for the urine collection period. To secure a sufficiently large urine volume, patients drank 0.5 to 1.0 L of water 1 hour before the investigation. The renal clearance of inulin was measured at plasma inulin levels of between 20 to 30 mg%; this was achieved by an initial i.v. load and subsequent maintenance infusion. With longer (60minute) urine collection periods, blood samples were collected at the beginning, in-between and at the end of the period. Creatinine clearance measurement involved a precise urine collection over 24 hours with 2 venous blood samples at the start and end of the collection period.
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Blood chemistry Blood samples were collected into evacuated tubes with ethylenediaminetetraacetic acid, and the blood was immediately centrifuged. All patients fasted for at least 10 hours before sampling to avoid an effect of methionine from food on ADMA levels. For ADMA quantification, an enzyme-linked immunoassay method (ADMA kit, ELISA, DLD Diagnostika GmbH, Hamburg, Germany) and an AUTO-EIA II microplate reader (Labsystems Oy, Espoo, Finland) were used. This competitive method uses the microtiter plate format. The ADMA is bound to the solid phase, and ADMA in samples is acylated and competes with the bound ADMA for a fixed number of rabbit anti-ADMA antiserum binding sites. Afterward, equilibrium-free antigen and free antigen-antiserum complexes are removed by washing. The bound antibody is detected by anti-rabbit peroxidase and 3.30,5.50-tetramethylbenzidine as a peroxidase substrate. The final product of this reaction is monitored at 450 nm. The amount of antibody is inversely proportional to the ADMA concentration of the sample. Inulin (polyfructosane S) was analyzed using anthrone on a spectrophotometer at a wavelength of 580 nm (Antelie Light Secoman, Domond Cedex, France).
Total cholesterol, HDL-cholesterol and triglycerides were determined using an enzymatic colorimetric method with an Olympus AU 600 analyzer and reagents from Olympus Diagnostics, GmbH (Hamburg, Germany). LDL-cholesterol was calculated using Friedewald's formula. Serum insulin concentrations were measured using a commercial RIA kit (CisBio International, Lyon, France); glycated hemoglobin (HbA 1c ) was analyzed using liquid chromatography on a Tosoh HLC-723 G7 analyzer (Shiba, Minato-Ku, Tokyo, Japan) and 24-h proteinuria by photometry with pyrogallol red using an Olympus 800 system (Hamburg, Germany).
Statistical analysis
SigmaStat software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. A t-test or MannWhitney rank sum test was employed to compare data from the two groups of renal transplant patients. The relations between the respective variables were assessed using Pearson's or Spearman's correlation coefficient as appropriate. Results were considered statistically significant at a p < 0.05.
Results
Basic clinical and biochemical characteristics of exercising and non-exercising renal transplant patients are listed in Table 1 .
Both groups did not differ significantly with respect to age, gender or renal function measured by inulin and creatinine clearances. After six months of regular exercise training, patients in Group I had significantly lower serum levels of ADMA (Group I B vs Group I A : 3.50 ± 0.45 vs 2.11 ± 0.35μmol/L; p< 0.01) and there were also significant differences as compared to control Group II (Group I A vs Group II A : 2.11 ± 0.23 vs 3.25 ± 0.34μmol/L; p< 0.01).
After 6 months of regular exercise, slightly significant differences were observed in the levels of HbA 1c , insulin, cholesterol, LDL-cholesterol, triglycerides, and systolic blood pressure in Group I (p< 0.05). Patients in non-exercising Group II showed a significant increase in BMI and waist circumference as against exercising Group I (Group I A vs Group II A ; p< 0.02).
During the six months of follow-up, renal function as measured by inulin and creatinine clearances was increased (p< 0.01). Table 1 . Clinical and biochemical characteristics of all exercising and non-exercising transplant subjects. Exercising transplant subjects in the first month after transplantation with stabilized renal function (Group I B ) and 6 months after tranining (Group I A ). Control group of non-exercising subjects in the first month after transplantation with stabilized renal function (Group II B ) and after six months of follow-up (Group II A ) Table 2 . Clinical and biochemical characteristics of obese exercising (Group I BO , Group I AO ) and obese non-exercising (GroupII BO , GroupII AO ) transplant patients (BMI > 30 kg/m2). Obese exercising transplant subjects (BMI > 30 kg/m 2 ) with stabilized renal function before (Group I BO ) and 6 months after tranining (Group I AO ). Control group of obese non-exercising subjects with stabilized renal function before (Group II BO ) and after six months of follow-up (Group II AO ) The values of ADMA in obese individuals decreased only slightly at 6 months (p< 0.05) compared to non-obese patients (p< 0.01). There were slightly significant changes in cholesterol, LDL-cholesterol, and triglycerides (p< 0.05) as well as in HbA1c (p< 0.05), Teplan et al.: Exercise After Renal Transplantation, Asymmetric Dimethylarginine and Obesity insulin (p< 0.02), and systolic blood pressure (p< 0.05) in the exercising group (Group I BO vs Group I AO ). Significant increases in BMI and waist circumference were found both in men (p< 0.02) and women (p< 0.01).
Changes in ADMA levels before and after exercise and in the non-exercising group are shown in Fig 1. We confirmed a significant decrease in ADMA levels after six months in the exercising group (Group I B vs Group I A ). There were differences in both groups after six months of follow-up (Group I A vs Group II A ; p< 0.01). Figure 2 shows the changes in ADMA levels in obese transplant patients before and after the exercise training program and in the control group. There were only minor differences in the obese exercising group (Group I BO vs Group I AO ; p< 0.05) and between the exercising and non-exercising obese groups (Group I AO vs Group II AO ) after six months. No changes were documented in the non-exercising obese control group (Group II BO vs Group II AO ). 
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The decrease in ADMA levels in the exercising obese group after six months (Group I AO ) was significantly smaller compared to exercising non-obese transplant patients Group I A (p< 0.05 vs p < 0.01) as shown in Tables 1 and 2 .
Discussion
Physical training has been shown to improve endothelium-dependent vasodilation and the cardiovascular risk profile in patients with cardiovascular risk factors. Regular physical exercise can also have a beneficial effect on endothelial dysfunction in chronic kidney disease and in patients on dialysis.
The present study demonstrates that elevated ADMA levels decrease in patients after kidney transplantation during a regular program of aerobic exercise for six months; however, the effect of training on ADMA levels could be transient and disappear after termination of the physical exercise program [16] . Non-exercising renal transplant recipients showed higher plasma ADMA levels compared to exercising renal transplant patients. In obese renal transplant patients (BMI > 30 kg/m 2 ) exercising for 6 months, ADMA levels were higher and the effect of regular exercising was significantly decreased. Compared with healthy persons, patients after renal transplantation have a higher number of comorbidities, and their vascular endothelial function is impaired [7] . The raised ADMA levels in our study cohort could be a marker or mediator of reduced basal NO production that could be improved by aerobic exercise [18] . A reduction of ADMA levels by regular aerobic exercise, as seen in our study, could thus possibly contribute to cardiovascular risk reduction in renal transplant recipients.
Interestingly, normalization of ADMA levels was detectable in the absence of changes in conventional risk factors or glucose metabolism [19, 20] . In addition, the increase in ADMA levels after cessation of the exercise program suggests that ongoing training is critical to maintain of a low cardiovascular risk profile [16] . Nevertheless, validation of the assumption that reduced ADMA concentrations are associated with reduced cardiovascular morbidity requires a longer observation period with clinical endpoints [21] .
In the human body, ADMA is produced in large amounts by methylation of proteinbound L-arginine by protein methyltransferases (PRMT). Degradation of ADMA by dimethylaminohydrolase (DDAH) seems to determine ADMA concentrations, alongside with renal excretion which is thought to be a less important way of elimination [22] . Symmetric dimethylarginine (SDMA) is not metabolized by DDAH and is eliminated only by the kidneys [23] . The mechanisms behind exercise-induced ADMA reduction cannot be directly identified from our results. It is not likely that changes in renal function, which is also related to endothelial function, account for the altered plasma ADMA levels, because inulin and creatinine clearances remained within the normal range in transplant patients and did not differ at the end of the observation period. There is evidence that training may affect the antioxidant status through increased expression of the potent radical scavenger superoxide dismutase [24] [25] [26] .
Obesity and weight reduction were associated with changes in endothelial function. A clinical study demonstrated reduced NO-dependent vasodilation in obese compared with lean subjects. It is possible that increased concentrations of ADMA could contribute to the development of endothelial dysfunction in obesity [13, 19, 27] .
Dietary changes cannot be excluded as a reason for the increase in ADMA, because our obese subjects in the control group (Group II) reduced their calorie intake slightly without Teplan et al.: Exercise After Renal Transplantation, Asymmetric Dimethylarginine and Obesity changing the composition of their diet. However, increased carbohydrate intake is associated with reduced plasma ADMA concentrations whereas protein and fat intake seems to have no effect on ADMA [28] .
The absence of improved glycemic control is consistent with previous results showing that physical activity does not automatically improve glycemic control in patients after renal transplantation not receiving a controlled diet [29] . Blood lipids slightly improve after six months of training and no significant association with ADMA could be found implying that changes in ADMA are independent of these parameters, and this finding is consistent with data reported from several other studies [30] .
There are conflicting data on the effect of angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, but oral antidiabetic drugs (e.g., metformin or glitazone) do improve insulin resistance and reduce ADMA levels. This effect likely results from DDAH up-regulation [29] [30] [31] . The study design did not allow to compare the effects of cyclosporine A-and tacrolimus-based regimes. Earlier data suggest that calcineurin inhibitors induce endothelial dysfunction in renal transplant patients, probably by suppressing NO synthesis [32, 33] . However, according to our results, ADMA levels were significantly higher in obese patients after renal transplantation, although the immunosuppression regimens were similar in both groups. A likely explanation of the discrepancy may involve significant differences in fat mass [34] . The development of proteinuria after kidney transplantation could also be partly linked to endothelial dysfunction with increased levels of ADMA (after excluding the recurrence of glomerulopathies) [35] .
The limitation of our study is the absence of chronic renal disease in single-kidney obese and non-obese control patients without immunosuppressive therapy in the exercising and non-exercising regimens.
Conclusion
Elevated ADMA levels significantly decreased after six months of regular exercise training program in patients after their first cadaveric renal transplantation. In obese renal transplant recipients, the effect of exercise was smaller suggesting that visceral obesity may contribute to endothelial dysfunction and cardiovascular risk factors after transplantation.
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